Biofilm is a predominant lifestyle of bacteria in host and non-host environments with cell 20 collectives and extracellular matrix as the defining principles of biofilm. Several factors trigger 21 biofilm formation including response to competition. Urinary tract infections (UTI) are highly 22 prevalent worldwide and mainly caused by uropathogenic E. coli (UPEC), which progresses into 23 chronic form due to the biofilm formation by the pathogen. In this study, we hypothesized that 24 competition for territorial space could occur between species by intervening in the biofilm matrix 25 production, particularly of UPEC, thereby reducing its colonizing ability. UPEC colony displays 26 different morphology in congo red media based on matrix production, which we exploited for 27 screening bacterial isolates capable of inhibiting the matrix. This was validated by using the cell-28 free supernatants of the isolates to impair UPEC biofilm. Isolates that inhibited matrix production 29 belonged to species of Shigella, Escherichia, Enterobacter, and Salmonella from 30 Enterobacteriaceae family. Competition experiments between the isolates and UPEC revealed 31 spiteful interactions particularly during biofilm formation, indicating fierce competition for 32 territorial space colonization. The isolate Salmonella enterica B1 could competitively exclude 33 UPEC in the biofilm. Altogether, we show that interference competition by matrix inhibition 34 occurs as a strategy by bacteria to colonize territorial space. 35 36 37 38 39 40
Introduction
We designed a novel and simple methodology to screen for bacterial isolates that could specifically 83 suppress the matrix production in UPEC thereby inhibiting biofilm formation for which we used 84 a traditional congo red (CR) dye-containing media. The predominant matrix components in E. coli 85 and Salmonella are cellulose and curli proteins (Serra and Hengge, 2017) . The CR dye binds to 86 these matrix components to give red color to the colony and when there is no matrix, it displays a 87 white colony. The former develops a rough colony due to the matrix components and the latter 88 forms a smooth colony due the absence of cellulose and curli (Serra and Hengge, 2017) . Thirty 89 different soil samples near wastewaters were sampled in a sterile container, serially diluted in PBS 90 and, plated on CR agar. The UPEC was spotted and we observed color of the colony after 91 incubation for three days (Figure 1a ). The UPEC colonies that showed smooth and white (SAW) 92 morphology were further selected and the peripheral bacterial cells from these colonies were 93 collected, purified by traditional streak-plate method, and validated with the CR plate assay. Seven 94 bacterial isolates showed positive results by apparently inhibiting the matrix-production in UPEC, 95 which were named as A1, B1, C1, F1, P1, T1 and Z1 (Figure 1b) . 96 Culture supernatant of the isolates act against UPEC biofilm 97 Further, we asked if the interference in UPEC matrix production could be due to the competition 98 sensing (Cornforth and Foster, 2013) , for which we collected the cell-free supernatant from colony 99 (CFSC) of the isolates that were grown in the proximity of UPEC colony. The planktonic growth 100 of UPEC was affected by the CFSC of the isolates ( Figure S1 ). Except for the CFSC of isolate A1, 101 all other extracts had a highly significant inhibitory effect on the UPEC planktonic growth Whitney U test, P < 0.001, n = 5). However, the CFSC of all the isolates displayed a significant 103 inhibitory effect on biofilm formation of UPEC (Mann-Whitney U test, P < 0.001, n = 5), 104 6 indicating that inhibition of matrix production has a direct consequence on biofilm formation 105 ( Figure S1 ). 106 We also tested if the independently grown culture supernatant of the isolates without competition 107 sensing (henceforth called Competition-Sensing Independent Supernatant or CSIS) has effect on 108 growth and cell assemblages of UPEC. The CSIS were tested for its effect on UPEC biofilm 109 formation at three different concentration, whereby all the three concentrations substantially 110 inhibited biofilm formation ( Figure S2 ), but we used 25% for further studies. The CSIS of the 111 isolate F1 had inhibited the planktonic growth by more than 60%, however other culture 112 supernatants of the bacterial isolates inhibited 20%-50% of the planktonic growth of UPEC ( Figure   113 2a). Less than 50% of adhesion of UPEC was inhibited by the CSIS (Figure 2b ). But, more than 114 90% of biofilm formation was prevented and more than 70% of biofilm eradication was seen with 115 the CSIS of all the isolates (Figure 2c shown in Figure S3 . The formation of biofilm and dispersal of preformed biofilm, particularly the 117 submerged biofilm on glass surfaces were also effectively inhibited or eradicated respectively by 118 the CSIS from all the isolates as visualized by fluorescence microscopy (Figure 2e and S4).
119
Biofilm matrix has many functions among which providing the structural support to the cell 120 assemblages is one of the most important. Inhibition of the biofilm matrix production may be 121 involved in inhibiting the UPEC biofilm, but we also observed an effective eradication of 122 preformed biofilm. Interference competition takes place between microbial species leading to a 123 chemical warfare between them during competition (Ghoul and Mitri, 2016) . The warfare-related 124 chemical compounds are released out of the producing cell to kill or inhibit the competing species.
125
Thus, cell-free culture supernatants of bacteria are a rich source of bioactive compounds that could 126 be exploited in biotechnology. Antibiofilm compounds are also being discovered using the culture 127 7 supernatants (Valle et al., 2006; Nithya and Pandian 2010) . We observed that the matrix-inhibiting 128 compounds by the selected isolates were produced even without sensing the competition ( Figure   129 2), indicating that these compounds may have other roles too. Competition sensing hypothesis 130 proposed by Cornforth and Foster (2013) predicts that the physiological response evolves due to 131 ecological competition. However, in this case the matrix inhibition of UPEC was not in response, 132 but it could be a physiologically produced metabolite having multiple roles, similar to the 133 phenazines (Whelan et al., 2006) . To find the preliminary physicochemical nature of CSIS, it was treated with 2-β mercaptoethanol 136 (BME), trypsin, proteinase K and heat. The treated supernatants were used to check their effect on 137 matrix production in CR plates, planktonic growth, and biofilm formation of UPEC. Many isolates 138 lost the capacity to inhibit both cellulose and curli production after domestication in the laboratory 139 media. However, the culture supernatants of the isolates, A1, P1, T1 and, Z1 turned the proximate 140 colony of UPEC into pink color ( Figure S5a ), which indicates that only cellulose is expressed but 141 not curli (Serra and Hengge, 2017). The culture supernatants from the isolate B1 was consistent in 142 suppressing both cellulose and curli of UPEC ( Figure S5a ). The culture supernatants of A1, B1, 143 P1 and, Z1 when treated with heat, lost its capacity to influence the matrix production of UPEC 144 ( Figure S5a ). However, in some instances, the treated culture supernatant had inhibited 70%-90% 145 of planktonic growth particularly after subjecting it to heat from B1, T1 and Z1, which could also 146 be seen as zone of inhibition in B1 and T1 in the CR plates ( Figure S5a production was marginally less than control ( Figure S5a and c). BME treatment of culture 149 supernatant of isolate C1 rescued biofilm inhibition, which was also observed in the rescuing 150 8 matrix production ( Figure S5a and c). The extract of isolate F1 showed a zone of inhibition 151 indicating growth inhibition that was consistent with the planktonic growth inhibitory activity 152 ( Figure S5a and b ). Treatment of the extract subjected with BME from isolate P1 also inhibited 153 more than 70% of planktonic growth of UPEC ( Figure S5b ). However, more than 50% of matrix 154 production was rescued when the culture supernatant of P1 was heat-treated. Altogether, these 155 results showed that matrix suppression and biofilm inhibition from the culture supernatants is not 156 by proteins except for the supernatant of isolate C1 ( Figure S5 ). We speculate that the mechanism 157 of inhibition of UPEC matrix or biofilm could be by producing specific polysaccharides that inhibit 158 matrix gene regulation, similar to that reported Valle et al., (2006) or some small molecules, which 159 are sensitive to heat. Interference of these molecules in c-di-GMP signaling cannot be ruled out, 
162
The bacterial isolates that inhibit matrix production belong to Enterobacteriaceae 163 The seven bacterial isolates that showed matrix-inhibiting activity of UPEC were identified by 164 using 16S rRNA gene sequencing and analyzing its phylogeny ( Figure 3 ). The 16S rRNA 165 sequences were submitted to NCBI with accession numbers as shown in Table S1 . The isolates 166 were submitted to National Centre for Microbial Resource, Pune, India (Table S1 ). The isolate A1 167 was identified as Escherichia fergusonii, B1 as Salmonella enterica, C1 belonged to the genus 168 Escherichia, F1 was E. fergusonii, isolates P1 and T1 were Shigella flexneri, and the isolate Z1 169 was identified as Enterobacter cloacae. All these isolates belonged to Enterobacteriaceae family. with isolate F1 was not determined.
200
In biofilm growth, fitness payoff significantly reduced for all the cultures in coculture biofilm 201 relative to the monoculture (Figure 4b and S6 ). This clearly shows that a fierce competition occurs 202 between the isolates and UPEC. As all the cultures belong to the Enterobacteriaceae family, which 203 share similar resources, spiteful competition possibly occurred for the territorial space. However, 204 relative fitness is higher for UPEC when there is competition between the isolates, A1, C1 and, T1 205 ( Figure 4d ). The relative fitness in competition with P1 and Z1 was nearly 1.0 ( Figure 4d ).
206
Nevertheless, the isolate B1 emerged with higher fitness value relatively than UPEC even in 207 biofilm growth (Figure 4d ).
208
Matrix production by the species push the biofilm cells upwards, which can access more oxygen 209 and nutrients and suffocate the non-producers (Xavier and Foster, 2007) . Thus, matrix producers 210 will have positive fitness payoff than the non-producers resulting in colonization of territory by 211 producers. Significant reduction of fitness payoff in coculture than monoculture between the 212 isolates and UPEC for territorial colonization of the surface indicate tragedy of commons. The 213 plastic surface of the microtiter plate's well is the intact common good and, matrix secretion favors 214 the producer to colonize the surface. (Figure 5a ). Quantification of the images revealed that the 223 biomass and substratum coverage was higher for UPEC in the monoculture biofilm that 224 significantly reduced in coculture (Figure 5b and S7 ). Biomass and substratum coverage increased 225 significantly to S. enterica B1 in the coculture than monoculture (Figure 5b and S7). In submerged 226 biofilm, the sum total of biomass was significantly high in coculture than the sum of monoculture 227 of both organisms (Mann-Whitney U test, P < 0.02, n = >20) ( Figure S7) , implying that the S. 228 enterica B1 and UPEC could increase their overall productivity in submerged biofilm, but S. 229 enterica B1 predominates. Monoculture productivity of the S. enterica B1 was significantly lesser 230 than UPEC, but S. enterica B1 increased its biomass in coculture ( Figure S7a ). The S. enterica B1 231 also significantly increased its substratum coverage in coculture than the monoculture (Mann-232 Whitney U test, P < 0.02, n = >20), though the overall coverage of both mono and coculture was 233 similar ( Figure S7b ). We speculate that the matrix inhibition of UPEC might have favored the S. The predominant survival strategy of bacteria in host and non-host conditions are as biofilm.
242
Matrix is the most important component for biofilm bacteria to colonize surfaces, thus targeting it 243 will be a superior strategy to treat pathogenic biofilms. However, natural products released by 244 microbes during competition for territorial space could be potentially exploited for discovering 245 novel antibiofilm compounds. Modern idea of infection therapy is based on antibiotics, which was 246 discovered by Alexander Fleming and currently, around 69% of antimicrobials are from natural 247 products (Pham et al., 2019) . Also, there is a renewed interest in discovering drugs from natural 248 products (Waldetoft et al., 2019) . The simple screening assay that we developed in this study to 249 isolate bacteria that could inhibit the matrix production in competition for territorial space based 250 on the congo red agar test, could potentially be used for high-throughput screening of natural 251 antibiofilm compounds (Figure 1) .
252
Our study also gives an insight that bacterial species may compete for territorial colonization by 253 inhibiting matrix, thus suppressing biofilm of the competing species. Particularly, among the 254 species that ecologically compete for similar resources, in this case the Enterobacteriaceae family.
255
The common resource for the species is the substratum surface and competitive exclusion of UPEC 256 was observed by some members of Enterobacteriaceae where Salmonella was more effective. In 257 this era of antibiotic resistance, such strategies, where non-pathogenic species that competitively 258 exclude pathogen colonization by intervening in its matrix production could potentially be 259 screened to develop probiotics. 
266
Screening for bacterial strains that could inhibit biofilm matrix of UPEC 267 In YESCA media supplemented with Congo red dye, 40 µg mL -1 and Coomassie brilliant blue, 20 268 µg mL -1 , biofilm matrix producing E. coli forms red, dry and rough morphology (RDAR) and 269 absence of matrix production will give smooth and white color (SAW) (Serra and Hengge, 2017) .
270
This was used as an assay for screening bacteria that could potentially inhibit matrix production in with the pipette tip and added in sterile YESCA broth, which was centrifuged at 5000 rpm for 10 285 mins and filter sterilized with a 0.22 µm nylon-66 membrane (HiMedia). For CSIS, the bacterial 286 isolate's cells were grown in YESCA broth for 3 days at 25 o C in static condition, which was 287 centrifuged at 5000 rpm for 10 mins and filter sterilized (HiMedia). The resulting culture 288 supernatants were stored at 4°C and used for further experiments.
289
The cell-free supernatants were treated with either 2-Mercaptoethanol (BME) (SRL), Trypsin,
290
Proteinase K (1 mg ml -1 ) (HiMedia) or heat (50 o C for 1 hour). The treated cell-free supernatants 291 were tested for their influence on biofilm formation or added into the wells of CR agar plated with 292 a lawn of UPEC to determine its activity on matrix production.
293
Biofilm assays and fluorescence microscopy 294 The microtiter plate assay in 96 wells was used to quantify the formation of partially submerged 295 biofilm. Briefly, around 10 7 mL -1 cells of UPEC were dispensed from overnight grown culture to 296 microtiter wells containing YESCA broth and incubated for 24h at 37 o C in static condition. After 297 rinsing to remove planktonic cells, the biofilm was stained by crystal violet (CV) and de-stained 298 with 70% ethanol to quantify the biomass at 595 nm in a plate reader (Tecan Sunrise).
299
Dispersal studies of preformed biofilm was done according to Prasad et al., (2017) , where the 300 above-said procedure was followed to form biofilm on the surface of microtiter wells for 24 hours.
301
Later, the media was decanted, the wells were rinsed thrice with PBS and 250 µl of the sterile 302 supernatant from the isolates was added and incubated for 1 hour at 37 o C. For the control wells, 303 250 µl of the sterile PBS was added. Later, the residual biomass was stained with CV followed by 304 de-staining and the absorbance were read at 600 nm to quantify the biomass.
15
Fluorescence imaging of biofilm was done according to Miryala et al. (2019) . Nucleic acid stain,
306
SYTO9 was used to stain the biofilm cells which was observed under fluorescence microscope 307 (Nikon Eclipse Ni-U). Twenty randomly taken images were processed for auto-thresholding 308 technique and the intensity (as proxy for biomass) and area coverage (substratum coverage) was 309 measured in the ImageJ software (https://imagej.nih.gov/ij/index.html).
310

Identification of the bacterial isolates 311
The bacterial isolates were identified by sequencing the 16S rRNA genes. Colony PCR was UPEC is to S. enterica B1 in the coculture. Red color in the image and graph is represented as 510 UPEC and green is represented with the S. enterica B1. n = >20. One sample t test with a 511 hypothetical value of 1.0 was performed to determine the significance (*** P<0.001). 513   Table S1 . Identity of the isolates with their corresponding NCBI and NCMR accession numbers 514 Figure S1 : Influence of cell-free supernatant from colony of the isolates that were in contact with 515 the UPEC colony on the (a) planktonic growth and (b) biofilm formation of UPEC. 
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